Background: Mutations of voltage-gated sodium channel ␣ II gene, SCN2A, have been described in a wide spectrum of epilepsies. While inherited SCN2A mutations have been identified in multiple mild epilepsy cases, a de novo SCN2A-R102X mutation, which we previously reported in a patient with sporadic intractable childhood localization-related epilepsy, remains unique. To validate the involvement of de novo SCN2A mutations in the etiology of intractable epilepsies, we sought to identify additional instances.
infancy (SMEI or Dravet syndrome; OMIM no. 607208), and borderline SMEI (SMEB), including intractable childhood epilepsy with generalized tonic-clonic seizures. [3] [4] [5] [6] [7] [8] GEFSϩ is a dominantly inherited epilepsy characterized by febrile seizures in early childhood that progress to afebrile seizures in late childhood and is responsive to antiepileptic drugs. 9 By contrast, SMEI is a severe and intractable infantile epilepsy. Typically, the first seizure in SMEI is most often a unilateral or generalized tonic-clonic or clonic seizure often associated with fever, which is progressively followed by additional generalized and partial seizures, ataxia, and mental decline. 10 Most SMEI cases occurred sporadically and are associated with de novo SCN1A mutations. SCN1A mutations have also been documented in a broad spectrum of early childhood intractable epilepsies including infantile spasms, myoclonicastatic epilepsy, Lennox-Gastaut syndrome, and other forms of early childhood focal and generalized epilepsies. While SCN1A is the major and thus far the best characterized responsible gene for cryptogenic intractable childhood epilepsies, other candidate genes underlying SCN1A-negative cases remain largely unknown. 11, 12 We previously discovered a mutation of VGSC ␣ II gene SCN2A, encoding Na v 1.2, in a family with atypical GEFSϩ. 13 Other groups subsequently reported several other SCN2A mutations in families with benign familial neonatal-infantile seizures (BFNIS; OMIM no. 607745), which is as mild as GEFSϩ. [14] [15] [16] [17] In addition to these inherited SCN2A mutations in mild epilepsies, we previously described a de novo nonsense mutation, SCN2A-R102X, in a patient with sporadic intractable childhood localization-related epilepsy associated with severe mental decline. 18 To date, SCN2A-R102X mutation still remains as a single case with sporadic intractable epilepsy. We hypothesized that other de novo SCN2A mutations occur, with altered electrophysiologic properties, and their existence would validate their pathophysiologic role in intractable epilepsies.
METHODS Patients. Ethics Committees in Akita University School of Medicine, the Shizuoka Institute of Epilepsy and Neurological Disorders, Kanagawa Children's Medical Center, and RIKEN Institute approved this study. Each adult participant or, where necessary, responsible guardians of adult subjects, as well as the parents or legal guardians of subjects who were minors at the time the study began, signed an informed consent form as approved by the Ethics Committees. Proband 1. The proband (figure 1A; II-1) is a 22-year-old man. There are no close relatives with a history of epilepsy or febrile convulsion or other neuropsychiatric disorders. He was born by cesarean section at 41st week of gestation with mild asphyxia due to meconium aspiration. Birth weight was 3,000 g. He showed marked developmental delay and severe intellectual disability: he stood alone at age 7 years and spoke only 1 word. He started to have daily seizures at age 11 months with series of spasms (face frowning, body stiffening, then raising both upper limbs for 1-2 seconds), and was diagnosed with infantile spasms. At age 11 months and age 2 years, he received adrenocorticotropic hormone with cessation of seizures, although transiently. At age 2-3 years, infantile spasms evolved to tonic seizures, with extension of both upper arms occasionally accompanied by short clonic movements. Seizures were refractory to various conventional medications including valproate, phenobarbital, phenytoin, and clobazam. The seizure duration was for 10 -20 seconds and the frequency of seizure attacks was 1 to 10 times per day, both during sleep and awake, especially frequently when falling asleep and during afternoon nap. After age 10 years, seizures were often triggered by fever above 37.5°C. No myoclonic seizures or absence seizures were observed. At age 17 years, he was brought to a hospital because of status epilepticus, which caused respiratory arrest necessitating tracheotomy. Thereafter, he became quadriplegic and speechless. At present, he has daily tonic seizures rarely followed by clonic movement and occasional status epilepticus. The recent EEG recording showed the background activity lacking alpha waves but containing abundant slow waves. There was no photo-paroxysmal response. Right hemisphere dominant diffuse sharp waves or polyspikes were seen. Ictal EEG showed diffuse recruiting fast spike activity preceded by diffuse flattening. MRI showed mild cerebral atrophy with wider lateral ventricle of the left side. SPECT showed no remarkable findings. Proband 2. The proband (figure 1B; II-1) was a girl with unusual neonatal epileptic encephalopathy and the only member of her family with epilepsy. Her clinical details were described previously. 19 She had experienced tonic or tonic-clonic seizures from age 1 month. Other characteristic clinical features were loss of reactivity, a highly suppressed EEG with ictal burst activities, hyponatremia (120 -130 mEq/L), and megalencephaly. She was partially rescued using lidocaine with the least effective serum concentration being 0.5 mg/L (2.1 ϫ 10 Ϫ6 M). At age 7 years and 8 months, she died from unknown causes at her home.
Mutational analysis.
Mutational analyses of SCN2A in patients were performed on all of the 26 coding exons and exonintron boundary regions as described previously. 13 Haplotype analysis. The microsatellite markers flanking the SCN2A locus, D2S151, D2S2330, and D2S335, were genotyped using ABI PRISM Linkage Mapping Set v2.5 (PE Applied Biosystems, Foster City, CA) according to the manufacturer's instructions.
Construction of wild-type and mutant Na v 1.2 expression vectors.
The wild-type human Na v 1.2 expression vector, phSCN2A_WT, has been described previously. 18 The mutant vectors, phSCN2A_E1211K, phSCN2A_I1473M, and phSCN2A_A575V, were generated from phSCN2A_WT using QuikChange Mutagenesis kit (Stratagene, LA Jolla, CA) according to the manufacturer's instructions. All constructs were verified by sequencing and confirmed not to contain any unwanted substitutions.
Cell culture and transfection. Human embryonic kidney HEK293 cells were plated on polylysine-coated 6-well dishes and then transfected with phSCN2A_WT, phSCN2A_E1211K, phSCN2A_I1473M, or phSCN2A_A575V together with phSCN1B-IRES2-EGFP and phSCN2B-IRES2-EGFP using Lipofectamine LTX (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions.
Patch-clamp analysis. Patch-clamp analysis was performed as described previously. 18 Using Eclipse FN1 upright microscope (Nikon, Tokyo Japan), cells were selected by their fluorescence. Currents were recorded using Axopatch 200B amplifier (Axon Instruments, Burlingame, CA). All experiments were carried out at room temperature (22°C). Recordings from cells showing peak currents less than 200 pA were excluded from the analysis in order to eliminate any potential contribution from the small (ϳ50 pA) Na ϩ currents present in a fraction of untransfected HEK293 cells. The electrophysiologists performing all experimental recordings were blinded to the HEK293 cell genotypes used. Data are given as mean Ϯ SEM. Differences were considered significant using Student t test if p Ͻ 0.05.
RESULTS
Novel SCN2A missense mutations in patients with intractable childhood epilepsies. We performed mutational analyses on SCN2A in 116 patients with intractable childhood epilepsies. These patients were negative for SCN1A mutations. The cohort consisted of 19, 25, 3, 3, 2, 2, 47, and 15 patients presenting SMEI, SMEB, infantile spasms, occipital lobe epilepsy, frontal lobe epilepsy, epilepsy with myoclonic absence, and unclassified partial epilepsies and unclassified generalized epilepsies. In the cohort, we found a total of 6 different nucleotide changes leading to amino acid substitutions in SCN2A (table) . Among these nucleotide changes, c.3631GϾA (E1211K), c.4419AϾG (I1473M), c.1724CϾT (A575V), and c.982TϾG (F328V) were novel. E1211K, I1473M, and A575V were observed only in affected individuals but not in our pool of healthy controls (312 or 311 individuals), and therefore were subjected to further whole-cell patch-clamp recordings as described below. F328V was found in patients and healthy controls and therefore conjectured to be nonpathogenic. The other 2 nucleotide changes, c.56GϾA (R19K) and c.1571GϾA (R524Q), were previously reported to produce unre- E1211K and I1473M are de novo mutations whereas A575V is inherited. E1211K was found in the proband 1 with infantile spasms that evolved to severe symptomatic generalized epilepsy of a tonic seizure phenotype ( figure 1A and figure e-1A [on the Neurology ® Web site at www.neurology.org]; see Methods for the patient's clinical details). E1211K was not detected in his asymptomatic parents and therefore was defined as a de novo mutation in the proband. The putative haplotypes determined by analyzing the microsatellite markers flanking the SCN2A locus support their genetic kinship. I1473M was found in the proband 2 with sporadic neonatal epileptic encephalopathy, which was categorized as unclassified generalized epilepsy in the table ( figure 1B and figure e-1B) . The clinical features were similar but distinct from those of early infantile epileptic encephalopathy with suppression burst (also known as Ohtahara syndrome). 19 I1473M was a de novo mutation in the proband because it was not detected in her asymptomatic parents. The putative haplotypes determined by analyzing the microsatellite markers flanking the SCN2A locus support their genetic kinship.
A575V was found in the proband 3 with SMEB ( figure 1C and figure e-1C; see e-Methods for the patient's clinical details). A575V was also found in her asymptomatic father. E1211 and I1473 are evolutionarily conserved among vertebrate and invertebrate VGSC ␣ subunits. The glutamate residue of SCN2A-E1211K putatively located on transmembrane segment 1 (S1) of domain III (DIII) was highly conserved among vertebrate An asterisk indicates a nonsense mutation, SCN2A-R102X, described before. 18 SCN2A-A575V is assigned to the intracellular linker between domain I (DI) and DII. The alanine residue A575 (highlighted in black) is conserved among human, mouse, and rat Na v 1.2 but not in other types of mammalian VGSC ␣ subunits. SCN2A-E1211K is localized to transmembrane segment 1 (S1) of DIII. and invertebrate VGSC ␣ subunits and human voltage-gated calcium channel ␣ subunits ( figure 2) . Similarly, the isoleucine residue of SCN2A-I1473M putatively located on S6 of DIII was perfectly conserved through vertebrate and invertebrate VGSC ␣ subunits. These conserved amino acids implicated a pathogenic potential for E1211K and I1473M. The alanine residue of SCN2A-A575V putatively located at the intracellular linker connecting DI and DII was conserved in human, mice, and rat Na v 1.2, but not in other human VGSC ␣ subunits (figure 2). E1211K and I1473M mutant channels exhibit significantly altered electrophysiologic properties. To investigate the functional consequences of SCN2A-E1211K, I1473M, and A575V, we examined the electrophysiologic properties of the human wild-type (WT) and mutant (E1211K, I1473M, and A575V) Na v 1.2 expressed heterologously in HEK293 cells in the presence of human VGSC ␤ I and ␤ II subunits using whole-cell patch-clamp recordings. Western blot analysis showed no differences in protein expression levels among WT, E1211K, I1473M, and A575V (figure e-2 and e-Methods).
Half-activation potentials in E1211K and I1473M were significantly shifted to the hyperpolarized direction relative to WT ( p ϭ 0.001 and 0.004); in contrast, A575V displayed values similar to WT ( figure 3, A and B) . Average half activation potentials calculated from the pooled data were Ϫ17.1 Ϯ 3.8 mV (n ϭ 12) for WT, Ϫ35.2 Ϯ 3.5 mV (n ϭ 12) for E1211K, Ϫ31.3 Ϯ 3.0 mV (n ϭ 15) for I1473M, and Ϫ19.9 Ϯ 2.9 mV (n ϭ 8) for A575V.
Next, we examined the steady-state voltage dependence of inactivation. Half-inactivation potentials in E1211K displayed a significant shift to the hyperpolarized direction compared to WT ( p ϭ 0.0001) (figure 3, C and D). Average half inactivation potentials calculated from the pooled data were Ϫ64.8 Ϯ 4.7 mV (n ϭ 11) for WT, Ϫ86.9 Ϯ 2.2 mV (n ϭ 12) for E1211K, Ϫ59.5 Ϯ 1.9 mV (n ϭ 13) for I1473M, and Ϫ70.1 Ϯ 2.6 mV (n ϭ 7) for A575V.
We then investigated the time course of recovery from the inactivated state using a double pulse protocol. E1211K showed a pronounced delay of recovery from inactivation compared to WT ( p ϭ 0.02), whereas I1473M and A575V exhibited time courses similar to WT ( figure 4A ). Average of A rec calculated from the pooled data were 0.58 Ϯ 0.12 (n ϭ 11) for WT, 0.30 Ϯ 0.03 (n ϭ 12) for E1211K, 0.78 Ϯ 0.12 (n ϭ 15) for I1473M, and 0.53 Ϯ 0.09 (n ϭ 8) for A575V ( figure 4B) .
Taken altogether, E1211K and I1473M markedly altered the voltage-dependence of Na v 1.2, indicating high pathogenic potentials of E1211K and . Na ϩ currents were evoked by 10 msec depolarizations to various test potentials (Ϫ80 mV to 20 mV) from a holding potential of Ϫ120 mV. Sodium conductance (g Na ) was calculated according to the equation g Na ϭ I Na /(V g Ϫ V r ), where I Na is the peak amplitude of the Na ϩ current, V g is the test potential, and V r is the reversal potential for Na ϩ . To compare voltage dependence of activation, data were fitted by the least-squares fit of the data to a Boltzmann function, according to the equation g Na /g Namax
where g Namax is the maximum conductance, V h is the potential of individual step pulses, V 1/2 is the potential at which g Na is one-half maximal, and k is the slope factor. The data points represent the average of g Na /g Namax . Note that E1211K and I1473M opened at significantly lower voltages. . Cells were pre-pulsed for 2 seconds at various holding potentials (from Ϫ120 mV to 10 mV in 10-mV increments), and then Na ϩ current was evoked by a step depolarization to 0 mV. The peak amplitudes of the Na ϩ currents measured at individual test potentials were normalized to the peak amplitude of the Na ϩ current measured at a holding potential of Ϫ120 mV. Data were fitted by the least-squares fit of the data to a Boltzmann function, according to the equation I/I max ϭ 1/{1 ϩ exp[(V h Ϫ V 1/2 )/k]}, where I max is the magnitude of the peak Na ϩ current observed at a holding potential of Ϫ120 mV, V h is the holding potential, V 1/2 is the potential at which the Na ϩ current is one-half maximal, and k is the slope factor. The data points represent the average of I/I max . Note that the curve for E1211K is significantly shifted to the hyperpolarized direction. (D) Half inactivation potentials of Na v 1.2 channels. Half inactivation potentials were calculated for individual cells and averaged. Values represent means Ϯ SEM, *p Ͻ 0.05, **p Ͻ 0.01.
I1473M
. In contrast, A575V caused no significant effects on the voltage dependence of Na v 1.2, suggesting low pathogenicity of A575V. DISCUSSION We identified 2 plausible pathogenic de novo SCN2A mutations, E1211K and I1473M, in 2 sporadic intractable childhood epilepsy cases. Together with the de novo R102X, 18 which we previously discovered in a patient with sporadic intractable childhood epilepsy, these mutations indicate that SCN2A is a plausible etiologic candidate gene underlying intractable childhood epilepsies. One de novo mutation, E1211K, was identified in a patient with sporadic infantile spasms that progressed into severe symptomatic generalized epilepsy. Although the patient was born with mild asphyxia, we surmise that it would be insufficient to cause the sporadic infantile spasms and favor the notion that the de novo E1211K is the most possible primary cause. A respiratory arrest caused by a status epilepticus at age 17 years plausibly accounts for the rapid deterioration of his physical and mental condition.
The electrophysiologic analyses revealed that E1211K significantly altered the functional properties of Na v 1.2 channel. E1211K caused a large hyperpolarizing shift of the voltage dependence of activation, affecting a reduction in the threshold of depolarization required for activation. E1211K also caused the left shift of the voltage dependence of steady-state inactivation, suggesting that, at the physiologic resting membrane potential (Ϫ70 to Ϫ60 mV), more than 85% of Na v 1.2 carrying E1211K would be in the inactivated state in comparison to ϳ50% wild-type Na v 1.2. Furthermore, E1211K delayed the recovery from inactivated state possibly leading to a reduction in channel availability during repetitive firings. Taken altogether, E1211K produced mutant channels with mixed electrophysiologic properties indicating both augmented and reduced channel activities. Overall, the effects of E1211K on the excitability of neurons are currently difficult to predict. The consequences on the ultimate neuronal excitability might depend on other cellular conditions and the localization in specific neuronal types.
The other de novo mutation, I1473M, was identified in a patient with unusual neonatal epileptic encephalopathy. 19 Na v 1.2 channel carrying I1473M showed a significant shift of the voltage dependence of activation to the hyperpolarized direction, suggesting that this mutation may increase the channel activity and thereby may cause hyperexcitation of neurons leading to epileptic seizures. Epileptic seizures responded to lidocaine, which might possibly reduce VGSC activities by affecting not only the mutant Na v 1.2 channel but also wild-type Na v 1.2 and other brain-type VGSCs.
We also identified an inherited mutation, A575V, in a patient with SMEB, which was not observed in our 311 healthy control individuals. Given that A575V was found in her asymptomatic father and that the functional effect of A575V on human Na v 1.2 was insignificant, A575V is most likely a rare nonpathogenic variant. However, it could be also possible that A575V contributes to the susceptibility to develop epileptic seizures when combined with additional genetic or environmental modifiers, present in the patient but not in the father.
This and our previous studies have provided a total of 3 de novo SCN2A mutations: E1211K, I1473M, . Two depolarizing pulses (step to 10 mV, 10 msec in duration) with various interpulse intervals (from 0.5 msec to 50 msec) were successively applied to activate Na ϩ currents. The peak amplitude of Na ϩ currents evoked by the second pulse (I 2 ) was normalized to the peak amplitude of Na ϩ currents evoked by the first pulse (I 1 ) and I 2 /I 1 is expressed as recovery ratios. Data were fitted by the equation I 2 /I 1 ϭ 1 Ϫ exp(ϪA rec t), where A rec is the factor to determine the speed of recovery. The data points represent the average of I 2 /I 1 . Note that the recovery for E1211K was significantly prolonged. (B) A rec of Na v 1.2 channels. A rec was calculated for individual cells and averaged. Values represent means Ϯ SEM, *p Ͻ 0.05, **p Ͻ 0.01. and R102X. 18 Notably, these mutations associated with distinct epileptic phenotypes and affected channel properties of Na v 1.2 differentially. There are 2 possible explanations for the phenotypic varieties. First, phenotypic variability could be due to the individual mutation or its location in the Na v 1.2 protein, which could differentially affect protein stability, subcellular trafficking, or channel functions. Alternatively, SCN2A mutation mosaicism might be related to phenotypic variations. When de novo mutations occur during early development, the patients could be somatic mosaics for their mutations, and therefore brain regions in those patients could be affected differentially, leading to phenotypic variability. In support of this idea, SCN1A mutation mosaicism occurs in some mildly affected or asymptomatic patients' parents in several familial SMEI cases. [20] [21] [22] [23] Of SCN2A mutations identified in BFNIS patients so far, 14-17 4 were studied using patch-clamp recordings and had Na v 1.2 channels with altered channel properties predicting a gain of function 24, 25 or with reduced cell surface expression implicating a loss of function. 26 Although there was a discrepancy among the results, the amounts of changes in half activation and half inactivation potentials by the BFNIS mutations were within Ϯ6 mV. By contrast, the amounts of changes in half activation and half inactivation potentials in SCN2A-E1211K were ϳϪ18-mV and ϳϪ22-mV, and that of the half activation potential in SCN2A-I1473M was ϳϪ14-mV. Thus, both E1211K and I1473M altered the channel properties of Na v 1.2 to a greater extent than the BFNIS mutations, suggesting a mechanism for more severe epileptic phenotypes. In order to confirm these correlations, the effects of the mutations on the functions of the neurons responsible for seizure development, which are currently unknown, should be examined further.
SCN1A mutant mice with spontaneous epileptic seizures have reduced SCN1A expression. 27, 28 Further, SCN1A is prominently expressed in the parvalbumin-positive inhibitory interneurons and we proposed that SCN1A mutations might cause functional defects in the parvalbumin-positive interneurons, which then fail to suppress overexcitation of neural circuits and result in epileptic seizures. 28 In contrast to the case for SCN1A mutations, the molecular mechanisms underlying seizures caused by SCN2A mutations remain largely unknown. Since SCN2A is highly expressed in both principal neurons and interneurons in rat hippocampus, 29, 30 SCN2A mutations might alter the global function of the implicated neurons. Although loss or reduced SCN2A expression did not generate spontaneous epileptic seizures in mice, 31 our present study and others' provide solid genetic evidence implicating SCN2A in the etiology of human epilepsies. [14] [15] [16] [17] [18] Further studies using mouse models with the SCN2A mutations identified in human epilepsies may help to understand the impact of such mutations on the epileptic brain.
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